Abstract-This paper presents a circularly polarized tag on a 3 × 3 AMC structure to obtain longer read range for UHF RFID on-body applications. A modified T-matching transformer is employed to achieve conjugate matching with the Monza 4 microchip. To overcome the influence of lossy human body, a cross-dipole tag antenna is directly implemented on the phase-dependent AMC structure to achieve high gain and isolate the influence of the human body. Then, the tag is pasted on a lossy human model to investigate its performance. The study finds that the AMC can increase the antenna gain by 3.34 dB and help generate circularly polarized (CP) wave. The measured fractional bandwidth of impedance is 3.2% which can cover the UHF RFID bands of North America and Taiwan. The measured read range of the tag pasted on a human body reaches 15.7 meters when the reader has 4W EIRP, and the sensitivity of the microchip is −16.7 dBm.
INTRODUCTION
RFID (Radio Frequency Identification) is a non-contact automatic identification technology. An RFID system consists of many tags, a reader and a host computer to manage the information and service system. RFID technology has been widely applied in our life and industry, such as inventory, logistics, medical, transportation, trade, livestock, aviation, and education. RFID technology has gradually become more mature over the past decade. Nowadays, the convenience of RFID makes it a very important key technology for the Internet of Things (IOT) applications. The deployment of tags is required for the smart clothes in the application of IOT to the garment industry and clothing retail. UHF RFID tags for smart clothing are always pasted on objects which may be lossy media. However, the tag antenna is vulnerable to the influence of metal objects or lossy media such as water or a human body, even though the RFID technology has been used for many years. In order to tackle the serious interference caused by the lossy objects, researchers have proposed an artificial magnetic conductor (AMC) [1] to isolate the interference from the human body. However, the distance between the antenna and AMC is always very large for exciting circularly polarized waves. Our study focuses on putting the CP antenna directly on the artificial magnetic conductor (AMC), thereby reducing the overall thickness of the antenna.
Some scholars in AMC research area have proposed various miniaturization methods [2, 3] . Recently, the AMC has even been developed on soft substrates [4] . As the AMC is miniaturized, the resonance bandwidth becomes narrow. Therefore, a stacked AMC substrate was proposed in [5] to increase the bandwidth. Smart clothing has been rapidly developing in recent years Researchers have used diverse textile materials and analyzed the effects of bent AMCs [6, 7] . However, tags with AMC in the literature are mostly linearly polarized and seldom circularly polarized. Miscellaneous microstrip and patch antennas are often employed to excite circularly polarized waves on the AMC. When integrating a patch antenna with AMC, the high impedance property of the AMC lets the distance between the AMC and the antenna have to be enlarged for exciting circularized waves [8, 9] . This approach can further increase antenna gain and bandwidth. Recently, some scholars have employed the design concept of the inductive RIS (reactive impedance surface) to compensate the electrically near field and thus control the coupling between the antenna and the AMC [10, 11] . This approach contributes to wide impedance matching and axial ratio (AR) bandwidth but miniaturizes the antenna size. In addition, a cross-dipole has been integrated with AMC to generate CP waves [12, 13] . The structure also has good antenna gain and radiation efficiency. However, the size and the thickness between the cross-dipole and AMC substrate are too large for use in RFID tags [9, 13] . So far, the study of AMC miniaturization still attracts a lot of attention [14, 15] . But there is only scarce research on how to reduce the thickness between the AMC substrate and the CP antenna.
In this study, a miniaturized cross-dipole antenna is successfully implemented on a 3 × 3 AMC substrate to generate CP waves. A T-matching transformer is employed to achieve conjugate matching with the microchip on an AMC substrate. Its AR fractional bandwidth of 3% is enough for operating in the UHF RFID band of North America. The measured read range is 17 meters in free space when the tag has a sensitivity of −16.9 dBm. If the tag is directly put close to the human body, the results of the measured read range will change on various parts of the human body. Thus, the design is not stable. On the other hand, if the antenna has an AMC, the performance of the antenna near the human body will be very stable. When the tag with the AMC substrate is placed on a human body, the measured read range can be up to 15.7 meters. In order to further demonstrate the advantages of AMC, we also implement a circularly polarized tag without AMC and use it as a reference for performance comparison in terms of read range.
CP TAG ANTENNA DESIGN AND ANALYSIS IN FREE SPACE
The dimension of the CP tag before integrating with the AMC or putting near the human model is shown in Fig. 1 . The CP tag antenna comprises two meandered dipole antennas which are individually designed in advance by referring to the method proposed in [16] and [17] . Phases of the input impedance for the two dipole antennas are set to +45 • and −45 • , respectively. Therefore, the two dipoles have a 90 • phase difference. The input impedances of the two arms are parallel connected [18] when they are combined and then modified. They are orthogonally combined to form a center-fed cross dipole and create CP waves. The cross-dipole antenna generates circularly polarized waves due to the orthogonal currents on the cross-dipole arms and 90 • phase difference between the feeding points of the cross-dipole.
We apply a Monza4 R microchip whose input impedance is 5 − j70 Ω to design the tag. It is not easy to excite CP waves and achieve conjugate matching between the antenna and the microchip at the same time. Therefore, a modified T-matching is added to the feeding port of the antenna structure to make the impedance match with the input impedance of the tag. The T-transformer is adjusted so that the antenna impedance is conjugately matched with the input impedance of the Monza4 R microchip. The lengths of the two meandered dipole antennas are made slightly different since it can help excite CP waves. However, the difference in size at the two ends of the antenna structure does not influence the resonant frequency too much since the current is zero at the two ends. The CP wave exciting is still preserved, and the AR bandwidth is wide enough for real applications.
The geometry of the antenna measures 105.8 × 105.8 mm 2 . The substrate thickness that we choose is 3.2 mm since it will be easier to generate circularly polarized waves than a thin one after adding an AMC in the back plane. Fig. 2 shows the simulated impedance and matching line. The modified T-structure transfers the impedance of the antenna for impedance matching. The parameter analysis of the T-matching structure is performed to make the input impedance match with that of the tag. Fig. 3 shows real part of the input impedance as a function of SW1. Fig. 4 (a) and Fig. 4(b) show the imaginary part with respect to the change in SL1 and SL2, respectively. Finally, impedance matching is achieved when SL1 is 18 mm, SL2 is 21 mm, and SW1 is 5 mm. (4.4%). Impedance measurement of the tag is performed using a two-port VNA (Agilent 5071B) and a test fixture [19] . The configuration of the measurement set-up is illustrated in Fig. 7 . The measured results show good agreement with the simulated results. Fig. 8(a) shows the simulated axial ratio with respect to operating frequencies. The AR bandwidth covers from 884 MHz to 941 MHz (6.2%). Fig. 8(b) shows the simulated realized gain by HFSS. It is verified by FEKO since the realized gain and axial ratio of a tag are not easy to measure. The maximum realized gain is about 1.86 dBic at 915 MHz. The predicted read range is about 12.5 meters if the EIRP power of the reader is 4 W, and the tag has a sensitivity of −16.9 dBm.
DESIGN OF CROSS-DIPOLE TAG ON THE AMC SUBSTRATE
AMC is a kind of infinitely periodic structure. The unit cell of the periodic structure is similar to a waveguide. The difference between the AMC model and the waveguide model is that the four sides of the square AMC are surrounded with mirror boundary conditions. The walls orthogonal to the electric field between two walls are set to PEC boundary. The walls orthogonal to the magnetic field between the other two walls are set to PMC boundary. The waveguide-like model simulates the infinitely periodic AMC structure [20] . A square waveguide model is always set up and then fed by a TEM wave at the feeding port of the model for simulation. Figure 9 shows the rectangular unit cell of the periodic AMC structure. The thickness of the FR4 substrate is 3.2 mm. When the metal size of each square unit-cell AMC is 69 × 69 mm 2 , it can achieve the desired operating frequency. To generate a CP wave, the concept of phase-dependent AMC is applied [11] . When the gap between the metal patches is 1 mm and 2 mm along the X axis direction and Y axis direction, respectively, the AR bandwidth of the cross-dipole is the widest. If the circularly polarized antenna is too close to a high impedance surface of the 3 × 3 AMC substrate, the strong coupling effect on the feeding point of the tag causes the conjugate matching to deteriorate. Therefore, we used a FR4 material with thickness 3.2 mm as substrate to support the antenna. The total thickness of the antenna and AMC is 6.4 mm, as shown in Fig. 11(a) . The geometric configuration is shown in Fig. 11(b) . The total size of the AMC substrate measures 211× 215× 3.2 mm 3 .
According to the simulation test, the study finds that 3 × 3 AMC unit cells are enough to achieve maximum gain while preserving the AMC features. When the thickness of the cross-dipole antenna placed above the 3 × 3 AMC is 3.2 mm and ε r = 4.4, loss tangent = 0.02, the original design of the antenna structure does not maintain the same performance as compared with that placed in the free space. The problem caused by coupling between the AMC surface and the antenna must be addressed Impedance matching must be performed again by modifying the T-matching transformer. The Tmatching circuit is tuned to overcome the high impedance characteristics of AMC. The width of SW1 is increased to reduce the real part of the impedance and the lengths of DL1 and DL2 are adjusted to achieve a phase difference of 90 • between the two cross-dipole arms. They satisfy the design conditions for exciting circularly polarized waves. In addition, the axial ratio bandwidth is the widest when the X-axis spacing between adjacent AMC metal sheets is increased to 2 mm. The simple T-matching transformer is sufficient to achieve conjugate matching with the microchip. Figure 12 shows the simulated input impedance and the original match line. The T-matching structure of the cross-dipole on the AMC helps to conjugately match with the input impedance of the microchip, 5 − j70 Ω. After the design is completed, the tag with the AMC is constructed to verify the simulated results. A test fixture as shown in Fig. 13 is utilized to accurately measure the impedance for the verification of the simulated results. The measured impedance shows good agreement with the simulated result, as shown in Fig. 12 . Fig. 14(a) shows the simulated and measured return loss of the tag on the AMC. The measured fractional bandwidth is about 2.5%, which covers from 905 MHz to 928 MHz. There is some discrepancy between the simulated results and the measured data because the large AMC substrate of 211 × 215 × 6.4 mm 3 is hard to fabricate accurately in the lab. The simulated AR bandwidth is 28 MHz (ranging from 903 MHz to 931 MHz, or 3%), as shown in Fig. 14(b) . The result indicates that it is sufficient to cover the ISM RFID band for applications in North America. The figures also show the simulated results by HFSS compared with those by FEKO. The comparison confirms the validity of our simulation. Figure 15 shows the radiation patterns in the XZ plane and Y Z plane at 915 MHz. The study finds that the RHCP radiation field is symmetric. The shapes of the hemispherical pattern for RHCP and LHCP and the current distribution (not shown here) demonstrate that the cross-dipole antenna on the AMC generates excellent circularly-polarized waves. The simulated pattern results reveal that The predicted read range for the cross-dipole with AMC is over 18 meters which is calculated by the Friis formula. The practical tag with the antenna on the AMC is fabricated to measure the read rage. The measured read range for the cross-dipole with AMC achieves 17 m. The read range of the proposed antenna is greater than that of a linearly polarized dipole since the cross-dipole on the AMC is circularly polarized. Besides, the cross-dipole on the AMC shows immunity against the influence of lossy objects. Figure 16 . Simulation of the cross-dipole and a 3 × 3 AMC substrate on the human model. Figure 16 shows an approximate human model for on-body antenna simulation and performance prediction. The human model consists of a stratified elliptical cylinder with four layers to model human torso. The height of the model is 400 mm, which is similar to the length of our torso. Details of the model parameters can be found in [21] or [22] . For a fair comparison, the cross-dipole on the FR4 substrate is 5.2 mm away from the human body but the cross-dipole with AMC is 2 mm away from the human body. This arrangement takes into account the thickness of the AMC. Antenna performance is compared in two different settings: on the human model and in the free space. Figure 17 shows results of the realized gain and return loss for the tag with or without the AMC in the free space and on the human model. If the cross-dipole is close to the human body, the realized gain of the antenna without the AMC will become very poor, as shown in Fig. 17(a) . The radiation efficiency of the cross-dipole on the human body becomes much lower than that of the cross-dipole in the free space. If an antenna designer wants to preserve antenna gain for on-body applications, he or she must improve the radiation efficiency of the antenna. The AMC helps to mitigate the human body effect. When the tag with the AMC is pasted on the human model, the realized gain still remains above 5 dBic. It is similar to the case in the free space. Fig. 17(a) also shows the realized gain of the optimized cross-dipole on the AMC plane compared with the cross-dipole on a PEC ground plane (GND). The result indicates that the antenna gain is conserved for the cross-dipole on the AMC plane but is deteriorated for the antenna put on the ground plane. The AMC plane or the PEC plane can reflect the wave so that they can avoid degradation caused by the lossy human body. However, the study finds that the antenna with the PEC plane does not preserve the benefit of wideband and suitable gain. The designed cross-dipole tag antenna on the AMC brings the realized gain up to 5.13 dBic. The antenna gain of the tag placed on the AMC is raised by over 3.34 dB compared to a circularly polarized dipole antenna in the free space. Figure 17 (b) shows the return loss for the tag with and without the AMC substrate. The study finds that the impedance bandwidth of the tag on the AMC substrate becomes narrow, as shown in Fig. 17(b) . The impedance bandwidth becomes the narrowest as the antenna is put on the PEC plane. When the antenna on the AMC is pasted on the human model, the antenna retains good impedance matching. The impedance bandwidth ranges from 900 MHz to 930 MHz (3.2%) Fig. 18(a) shows comparison of the axial ratio for the tag with and without the AMC substrate. The study finds that the axial ratio bandwidth covers from 908 MHz to 938 MHz, (3.2%). The AMC isolates the interference from the human model, as shown in Fig. 18(a) . Although the axial ratio band offsets slightly to high frequency in the UHF band of North America, this problem can be solved after fine tuning. Figure 18 (b) shows the radiation efficiency of the cross-dipole with and without AMC when they are close to the human model or in the free space. The result indicates that the radiation efficiency of the cross-dipole without AMC is more than 90% in the free space, but is less than 13.2% on the human body. This is due to the fact that the majority of the EM wave is absorbed by the human body. In contrast, the cross-dipole with AMC has a maximum radiation efficiency of 52%, which is much better than that of the cross-dipole without AMC. The study finds that the tag with AMC is not influenced by the body-proximity effects. The realized gain of the antenna with AMC near the human body is almost the same as that of the antenna in the free space. Since the AMC can shield the tag from the effect of the human body, the maximum radiation efficiency on the human body can be as high as 48%. Here, most loss comes from the lossy FR4 substrate. The efficiency can be higher if the substrate loss of the AMC and antenna is small. Furthermore, low-loss flexible substrate, such as textile or latex substrate can replace the hard substrate for the AMC if the tag has to be designed directly on the human body for wearable RFID applications [7, 14, 23] . The performance comparison of the tags on different situations is summarized in Table 1 . The left two columns list the predicted and measured read ranges in the free space. In the free space, the predicted read range is about 12.3 meters if the UHF RFID reader has 4W EIRP, and the sensitivity of the Monza microchip is −16.7 dBm. The measured read range can achieve over 12 meters since there is no polarization loss between the reader and the tag. Read ranges were measured with the tag pasted on the chest of a graduate student. The right two columns of the Table list the predicted and measured read ranges on the human body. The measured read range of the tag pasted on a human body reaches 15.7 meters. The read range of the tag on the AMC substrate is much longer than that of the cross-dipole without the AMC. The study finds that the read range and realized gain drop quickly due to the body adsorption effect if the tag without the AMC is directly pasted on the body. However, the tag with AMC is not influenced by the human body. Finally, the measured read range of the tag reaches over 15.7 m.
TAG WITH THE 3 × 3 AMC SUBSTRATE ON THE HUMAN MODEL

CONCLUSION
The paper presents a CP cross-dipole tag on a 3 × 3 AMC substrate and discussed the performance when it is put on the human model. The total size of the antenna system on the FR4 lossy substrate is 211 × 215 × 6.4 mm 3 . The proposed T-matching transformer helps the tag overcome the high impedance surface of the phase-dependent AMC. The tag has been successfully designed and pasted on the 3 × 3 AMC substrate. The overall gain of the cross-dipole that comes from the contribution of the 3 × 3 AMC substrate increases by about 3.34 dB. The predicted read range can achieve 18 meters in the free space. When the cross-dipole with the AMC is close to the human model, the predicted read range is 17.7 meters. Its measured read range is about 15.7 meters when it is put on the human body. The measured fractional bandwidth of impedance is 3.2% so that the proposed tag can be used in the UHF RFID band of North America and Taiwan.
